The atomic force microscope (AFM) based system has been developed for in situ topographic imaging of the environmentally induced damage such as a stress corrosion crack under a dynamic loading condition. The system consists of an atomic force microscope (AFM), a mechanical testing machine, an X-Y-Z positioning stage, an environment chamber, and their controllers. To reduce disturbing vibration, the system is equipped with isolators. A dynamic load can be applied to a sample by using an electromagnetic actuator: it provides various loading waveforms including sinusoidal, triangular, and other arbitrary programmable ones, and has a maximum load capacity of Ϯ100 N. Nanoscopic in situ AFM observation can be conducted in a controlled gaseous environment or in an aqueous solution. By using the developed system, in situ AFM observation of the following growing crack was successfully performed in a high-strength stainless steel: a fatigue crack in dry air and a stress corrosion crack under high-frequency vibratory stresses superimposed on a sustained load (dynamic stress corrosion cracking), and under a low-frequency varying load (cyclic stress corrosion cracking): the nanoscopic crack tips can be clearly visualized. The crack tip of the stress corrosion crack under dynamic loads is sharp compared with a fatigue crack in dry air, with a larger scatter of the crack tip opening displacement than those of the fatigue crack in dry air.
Introduction
Most damage issues in machines and structures are due to material degradation induced by an operating environment including corrosion fatigue and stress corrosion cracking (SCC) that involves both hydrogen embrittlement (HE) type SCC and active path corrosion (APC) type SCC. In order to clarify the fracture and the damage mechanisms, serial, high-magnification observations of damage initiation and growth processes are necessary. The conventional method employed for such a purpose is a scanning electron microscope (SEM) 1, 2) : the test is periodically interrupted and the sample surface is examined in a completely different environment of vacuum from the testing one, and therefore, in situ observation of serial changes in surface damage is impossible. The other method, except observing the sample itself, is a replication technique, where the replica of the sample surface is ex situ examined by an optical microscope or an SEM. This technique has been successfully applied in particular to study the initiation processes of fatigue in air. In a corrosive environment, however, the replication may be a serious problem, because the replication procedures affect the sample surface condition, and therefore the replication itself and the alternation of the environment during the replication procedure can affect the successive degradation processes.
Recently, a special scanning electron microscope called environmental SEM or low vacuum SEM 3) has been developed. This type of SEM can operate at a higher pressure of the specimen chamber up to about 10 to 20 torr (1 300-2 600 Pa). It is specifically designed to study wet bearing or insulating materials, without prior specimen preparation such as conductive coating. They have been applied to study the corrosion behavior of metals or the crack initiation behavior of SCC. 4, 5) The pressure of the specimen chamber is much higher than that of the conventional SEM. However it is still lower than the atmospheric pressure, indicating that the testing environment is limited to low pressure gases such as water vapor. In addition, the vertical resolution of both the conventional and the environmental SEMs is insufficient for investigating the very early initiation stage of environmentally induced cracking and corrosion damage. 6) In contrast with these techniques, a scanning tunneling microscope (STM), first developed in 1982, 7) gives a revolutionizing tool to the study of surface physics and electrochemical researches.
6) It is capable of imaging nanoscopic topography of surface not only in vacuum but also in air or in aqueous solutions. Although STM imaging of nonconducting surfaces is impossible, an atomic force microscope (AFM), that was developed in 1986, 8) can image topography of nonconducting surface. 9) Up to now, these micro-scopes are called scanning probe microscopes (SPMs). The advantages of the SPMs are that they can operate in any environment, and that the vertical resolution is extremely higher than the other microscopes.
6)
The authors have already applied an SPM to imaging both fracture surface (nano fractography) 10) and sample surfaces: by using the SPM, they investigated into the environmentally induced fracture mechanisms of various kinds of materials including metals [10] [11] [12] [13] and micromaterials such as a microelement for micro electro mechanical systems (MEMS) 14) and/or high-strength and high-elastic-modulus fiber 15) from the nanoscopic view point. Micromaterials, in particular, have characteristic dimensions on the order of mm, and therefore, a nanoscopic observation tool is required instead of a conventional mm-order damage evaluation tool such as an SEM. Allowing the advantage of the operating environment of an AFM mentioned before, in situ AFM observations were made, for example to investigate not only the corrosion processes 11) of such as intergranular corrosion but also the mechanisms of SCC. 12, 13) When SPMs are utilized for in situ imaging of the environmentally induced damage such as SCC, a loading device and a corrosion test cell must be installed in the SPM system. In general, the sample stage of the SPM is relatively small (up to about 20 mm), and the piezo-electric scanner is directly connected to the sample stage: an SPM image is obtained by raster scan of the sample stage. In this case, the loading device must be small and weigh light enough compared with the sample stage. To meet such conditions, the loading mechanism adopted is very simple, such as that by driving screws. 12, 13) In this case, it is quite difficult to precisely control the value of an applied stress and is impossible to apply a dynamic load. For SCC, the influence of dynamic load, such as low frequency varying load 16) as well as vibratory stresses superimposed on a sustained stress 16, 17) is extremely important. The dynamic load sometimes causes the enhancement of crack growth rate and the decrease in the threshold stress of SCC. These phenomena are well known as cyclic SCC or dynamic SCC. 16, 17) These mean that dynamic loading is one of the most important factors in clarifying the mechanism of the stress corrosion cracking.
Some SPMs, currently on the market, have a larger sample stage without moving and a raster-scan SPM tip to obtain surface topography. Sugeta et al. 18) have developed an in situ AFM instrument that consists of an AFM having a larger sample stage and piezo-electric driven actuator, which applies an out-of-plane bending load to the specimen. They have applied the instrument for in situ observation of fatigue crack growth behavior of metals in laboratory air. However, to investigate the mechanisms of the environmentally induced degradation of a high strength material, the testing environment should be controlled. Note that moisture in laboratory air can cause the environmentally induced degradation.
In this investigation, the in situ AFM imaging system has been developed that consists of an environmental AFM, a mechanical testing machine and an environment chamber: in situ AFM imaging of the environmentally induced damage, including crack initiation and its propagation, in a controlled environment is thereby possible under dynamic loading. The details of the developed system is first explained, and in situ images of a fatigue crack and a stress corrosion (SC) crack under a dynamic loading condition, i.e., dynamic and cyclic SCC, were obtained in a highstrength stainless steel to examine the performance of the developed system. The usefulness and the advantage of the developed system are discussed.
In Situ AFM Imaging System
The developed system is composed of 1) an environmental atomic force microscope (AFM), 2) a mechanical testing machine, 3) an environment chamber, and 4) controllers for the AFM, the testing machine and so on. The AFM used was the Pico SPM ® manufactured by the Molecular Imaging Inc., USA. The AFM is so called a stand alone type, and a piezo-electric scanner is directly connected with the AFM tip holder: the AFM design put the piezo-electric scanner and the electronics above the sample, and therefore, it allows a large space below. It is also designed to prevent any damage due to fluid leakage. The scanner unit and the AFM housing are environmentally sealed from the testing environment to prevent the leakage of vapor or gas from the environment chamber. Figure 1 illustrates the view of the system developed. For imaging the sample surface under dynamic loading in a controlled environment, a mechanical testing machine is housed in the environment chamber, that mates with the AFM via an opening. The opening houses the AFM body, sealing onto a Viton ® O-ring. That allows the imaging in a controlled gaseous environment. The mechanical testing machine is composed of a loading frame, load and displacement sensors, and an electromagnetic actuator that is excited by a power amplifier. There are many kinds of actuators available. Of these, the electromagnetic actuator was selected in this system, that has a sufficient loading capacity and enables various loading waveforms with an arbitrary waveform generator and a servo-controller. One of the most important and fascinating properties of the electromagnetic actuator is to have quite low mechanical noise or vibration, and thereby the AFM imaging is possible, which will be discussed later in detail. The mechanical testing machine is set on the X-Y-Z positioning stage, and a sample surface at an arbitrary position can be imaged with a help of a top viewer or an optical microscope installed in the AFM. The high-precision Z positioning stage is used to let an AFM tip approach the sample surface: the sample is first subjected to dynamic loading in a controlled environment, and the sample is held at the maximum load. And next the AFM tip is brought to the sample surface by using the X-Y-Z positioning stage. An AFM image is then obtained by using the piezo-electric actuator installed in the AFM. The specifications of the system are summarized as follows: , Ն7 mm (vertical direction) As mentioned, the system uses the loading actuator with low mechanical noise. However, for obtaining an AFM image on the order of nanometer, isolating the mechanical noise which comes through the floor is very important. For this purpose, the system is mounted on air spring type isolators. In addition, to increase the isolation capacity, the specially designed polymeric isolator is used. The effect of the polymeric isolator on the AFM images is shown in (Fig. 4(a) ), and the polymeric isolator was set at the neck of the specimen near the loading points. The isolator is so soft that it never affect the value of the external load. It is clear that the mechanical noise of about 40 to 100 nm in height could be seen, when only the air spring type isolators were used: see Fig. 2(b) . One reason is that the double cantilever beam specimen used here was easily vibrated by pivoting on the Fig. 2(a) loading points. However, when the polymeric isolator was used, the noise became less than about five nanometers in height. This indicates that the polymeric isolator gives a good result for imaging. The following sections deal with in situ AFM observation of the fatigue and the SC crack under dynamic loading, to verify the usefulness and the performance of the developed system.
In Situ AFM Observation of Stress Corrosion Crack
Growth under Dynamic Loading
Experimental Procedures
The material used to make in situ AFM observation was a high-strength stainless steel, HSL 180 19) . The chemical composition and the mechanical properties are listed in Tables 1 and 2 , respectively. The materials of 70 mm in diameter were machined into a double cantilever beam (DCB) specimen (Fig. 4(a) ) in the C-R crack plane orientation, whose two letter code is defined in the ASTM standard E-399-90 (reapproved in 1997): the first letter designates the direction normal to the crack plane, and the second letter the expected direction of crack propagation, where "C" and "R" denote the circumference or tangential direction and the radial direction of the material, respectively. The side groove was machined on the one-side of specimen surface to let the crack grow straight. AFM observation was made on the back side of the side-grooved surface, and the time required for the AFM imaging was 216 s. The stress intensity factor was calculated by replacing the thickness with the effective one obtained by the geometric mean of the specimen thickness or the distance between sides of the specimen (2 mm) and the net thickness at the root of the side groove (1 mm).
In order to examine the quality of the AFM images obtained by the developed system, an atomic force microscope having a larger sample stage, Dimension 3000 manufactured by the Veeco Instruments Inc., former the Digital Instruments Inc., was used together with a static in-plane bending device shown in Fig. 5 . The sample used in this system was a single edge notched (SEN) specimen machined in the L-R crack plane orientation (Fig. 4(b) ), where "L" denotes the direction of the maximum grain flow or the longitudinal direction. By using the in-plane bending device, in situ AFM observation under static loading is possible in an aqueous solution or in laboratory air but not in a controlled gaseous environment. The SEN specimen is set in the loading device, and an in-plane bending moment is applied to the specimen by driving the screw in the bending device. The stress intensity factor is controlled by monitoring a load by using a load cell (loading capacity: 2 kN). Note that the sample set in the loading device cannot be subjected to dynamic loading but to only static one. For both specimens, the specimen surface was ground with emery papers (#2000) followed with final finish with a diamond paste, giving mirror surface.
In situ AFM observation was made first for the fatigue crack in dry air. The environment chamber was evacuated to about 100 Pa, and then dry air (dew point: Ϫ74°C) was introduced to the chamber. The fatigue test was conducted after the sample was conditioned in dry air for 10 h. The dew point of dry air during the AFM observation was about Ϫ52°C. The test was conducted at a stress ratio of 0.1 and a stress cycle frequency of 3 Hz with a sinusoidal waveform.
In situ AFM observation was also made for an SC crack under a dynamic loading condition. The environment of a 3.5 % NaClϩ3 g/l NH 4 SCN solution was prepared with regent grade NaCl, NH 4 SCN and deionized water (specific resistanceϾ1 MW · cm). The solution at 21Ϯ1°C was circulated between a corrosion test cell and a solution reservoir by a vane pump made of synthetic resin. The AFM observation was made for dynamic SCC under high-frequency vibratory loads superimposed on a sustained load and for cyclic SCC under a low-frequency varying load. The dynamic SCC tests were conducted using a sinusoidal waveform at a stress ratio of 0.9 and a stress cycle frequency of 30 Hz, whereas the cyclic SCC tests under a negative pulse waveform at a stress ratio of 0.1 and a stress cycle frequency of 0.1 Hz, where the ratio of the holding time of the maximum load to that of the minimum load was nine, and the time required for the minimum load to the maximum load and for the maximum load to the minimum load was 0.2 s. The tests in the solution were conducted at the free corrosion potential. 
Crack Growth Behavior
The fatigue crack growth rate of the DCB specimens in dry air was the same as that of the CT specimens (width: 40 mm, thickness: 12.5 mm) 20) that are frequently used for investigating the crack growth characteristics of metallic materials. The other interesting thing is that the crack growth rate in the corrosive environment under the pulse waveform is higher than that of the fatigue in dry air. This is because the growth rate was enhanced by the hydrogen embrittlement, or so-called cyclic SCC. 16, 17, 20) Under highfrequency vibratory stress superimposed on a sustained stress, the growth rate is also higher than that of the static SCC under a sustained load, in particular in a lower stress intensity factor region, i.e., K max Ͻ20 MPa · m 1/2 , showing the dynamic SCC behavior. As far as the present experiments were concerned, the crack growth rate of the static SCC was equal to or less than from 3ϫ10 Ϫ10 to 2ϫ 10 Ϫ9 m/s. This may indicate that the crack in the solution may extend about 60 to 400 nm, or less during the AFM imaging.
In Situ AFM Images of Fatigue Crack in Dry Air
An example of in situ AFM images of a fatigue crack by the developed system is shown in Fig. 6 : the load being held at the maximum load of the fatigue test, the AFM observation was made without fully unloading, as remaining the environment of dry air. Figure 7 shows an AFM image of the fatigue crack tip of the SEN specimen, taken by the Dimension 3000 AFM system. In this case, the fatigue test was conducted in dry air under a three-point in-plane bending load by using an electro-hydraulic fatigue testing machine (maximum capacity: 50 kN). The test was then interrupted and the applied load was fully unloaded. The AFM image of the crack was obtained after the specimen was subjected to the same maximum stress intensity factor as the fatigue test by using the in-plane loading device (Fig.  5) .
When the Dimension 3000 system is used, the disturbing mechanical noise is small compared with that by using the AFM system developed here. This is because the load was applied to the SEN specimen by a mechanically driven screw. In addition, the in situ AFM imaging system has the environmental chamber and the X-Y-Z positioning stage. These can enlarge the mechanical noise. However, the Dimension 3000 system does not use such additional instruments. This indicates that the AFM images obtained by the Dimension 3000 system (Fig. 5 ) may have the similar quality as that obtained by usual AFM observation without any loading. From these figures, the quality of the AFM images was almost the same between the two systems: the fatigue crack tip is clearly visualized by the developed system. This indicates that the developed system works in a good and precise manner.
Secondly, it is clear that the localized plastic zone is formed ahead of the crack, where the specimen surface formed a hollow. The fatigue crack microscopically grew in a zig-zag manner, showing a microstructure dependent crack growth. The degree of the zig-zag path was larger with an increase in the applied stress intensity factor range. The magnification of the AFM images is high enough, and the crack opening displacement can be measured. In the case of the fatigue crack in dry air, the crack opening displacement measured 10 mm behind the crack tip was respectively 700 nm for the crack shown in Fig. 6 (a) and 1 520 nm for the crack shown in Fig. 6(b) . This indicates that the crack opening displacement became larger with an increase in the applied stress intensity factor range, which will be discussed later in detail.
In Situ AFM Images of Dynamic Stress Corrosion
Crack An example of in situ imaging of a dynamic SC crack is shown in Fig. 8 . In the case of the environmentally induced crack, as is mentioned before, the changes in testing conditions during imaging should be minimized. From this view point, the developed system gives us a better experimental conditions compared with those in conventional ex situ imaging.
In the case of the dynamic SCC, two types of crack morphologies were observed. One is that the crack grew straight, which was not the case of the fatigue crack, and the plastic deformation, or the hollow ahead of the crack was smaller, compared with that of the fatigue crack (see Fig. 8(a) ). This type of crack morphology was also obtained in a static SC crack under a sustained load at the free corrosion potential, 21) where the fracture surface was solely covered with intergranular cracking. 20, 21) The other is that the plastic deformation or the hollow of the surface ahead of the crack tip was larger, and this large plastic deformation was formed on both sides of the crack (Fig. 8(b) ). An interesting thing is that the crack did not grow straight, but in a zig-zag manner, when a large hollow was formed ahead of the crack tip. The depth of the hollow ahead of the crack was larger in this case than those of both the fatigue crack and the dynamic SCC shown in Fig. 8(a) . The depth of the hollow of the fatigue crack tip increased with an increase in applied stress intensity factor, and the depth measured 2 mm ahead of the crack tip was about 180 to 190 nm at K max ϭ13 MPa · m 1/2 . However in the case of the dynamic SCC, it was about 289 nm for the crack shown in Fig. 8(b) , whereas it was 71 to 96 nm for the case shown in Fig. 8(a) .
The fracture surface of the dynamic SCC exhibited a mixed mode of intergranular and transgranular cracking, whereas the fracture surface of the static SCC exhibited intergranular cracking. 20, 21) Considering the fracture morphology and the similarity of the crack shape morphology of the dynamic SCC shown in Fig. 8(a) and the static SCC, 21) the crack shown in Fig. 8(a) is considered to grow along a grain boundary, whereas the crack morphology shown in Fig. 8(b) reflects the transgranular crack growth. These indicate that when the crack grows along a grain boundary, the plastic deformation, or the formation of the hollow is inhibited. The reason why the transgranular dynamic SC crack formed a larger hollow ahead of the crack is required to be further investigated into.
In Situ AFM Images of Cyclic Stress Corrosion
Crack Figure 9 shows in situ AFM images of a cyclic SC crack tip. The images were taken in keeping the maximum load in a single pulse wave load. Note that they were not taken under fully unloaded condition. Figure 9 (a) shows the cyclic SC crack tip, which was associated with a elongated plastic deformation ahead of the crack tip. A noticeable point is the hollow was not formed on both sides of the cyclic SC crack: it had grown along the edge of the hollow. This type of crack morphology was sometimes observed. In the case of Fig. 9(b) , the surface hollow was formed on both sides of the crack, similarly to the case of the fatigue crack in dry air. The depth of the hollow measured 2 mm ahead of the crack tip was 139 nm (Fig. 9(a) ) and 141 nm ( Fig. 9(b) ), and they were almost equal to or somewhat smaller than those of the fatigue crack. This leaning formation of the hollow shown in Fig. 9 (a) may be due to the crack plane not normal to the observed surface but at a certain angle.
Crack Tip Opening Displacement
As discussed before, the developed system is very powerful for in situ imaging of the crack tip. The advantage of the system is that the system uses the stand-alone type AFM, and then leaves large space enough to combine the mechanical testing frame below the AFM. Therefore, a fracture mechanics specimen whose stress intensity factor is easily controlled can be used under a dynamic loading condition. At the same time, the nanoscopic imaging can be done with minimizing the influence of changing the testing conditions on both the crack growth behavior and the AFM images. This means that the AFM images taken by the developed system reflect the true three-dimensional shape in a more precise manner compared with the ex situ observation by using, for example, a scanning electron microscope or a As shown before, the crack tip opening displacement (CTOD) increased with an increase in an applied stress intensity factor (see Fig. 6 ). To examine the influence of environment on the CTOD, the crack opening was measured by using the AFM images taken by the developed system: the CTOD used here was defined as the crack opening displacement measured 2 mm or 10 mm behind the crack tip, and the relation between the CTOD and the maximum stress intensity factor is shown in Fig. 10 . In the measurement, the important but difficult thing is the identification of the crack tip. This is sometimes difficult from only the topographic data, leading to measurement errors. For this purpose, the differential image, or error signal image was used to identify the crack tip. The image is based upon the difference of the actuation voltage of the piezoelectric actuator during imaging, and can be regarded as a kind of differential image. By using this image, the crack tip is clearly identified, which is reported elsewhere. 21) The CTOD values of the static SCC under a sustained load 21) are also plotted as a reference, that were obtained by using in situ AFM images of the SEN specimens immersed in the 3.5 % NaClϩ3 g/l NH 4 SCN solution at the free corrosion potential. From the figure, it is clear that the CTOD value of the fatigue crack in dry air increased with an increase in the applied stress intensity factor, and the value obtained by using the DCB specimens agreed with those obtained by using the SEN specimens. This indicates that the CTOD value of the fatigue crack is determined by the applied stress intensity factor. This is a logical result from the view point of the fracture mechanics. Note that the mechanical conditions adopted in this investigation satisfied both small scale yielding and plane strain conditions.
In the corrosive environment, the CTOD values increased with an increase in stress intensity factor. An interesting thing is that the values of both cyclic and dynamic SCC were smaller than those of fatigue. Secondly, the scatter band of the CTOD in the corrosive environment became larger compared with those of fatigue. In the case of the static SCC, similar results can be obtained: the CTOD values are smaller than those of the fatigue, and a large scatter exhibited. As mentioned before, the dynamic SCC had the (a) (b) Fig. 10 . Relationship between the crack tip opening displacement (CTOD) and the maximum applied stress intensity factor. Note that the superscript " * " denotes that the CTOD value was obtained by using SEN specimens. The superscript "s" denotes the data for the dynamic SC crack growing straight with smaller hollow ahead of the crack tip (see Fig. 8(a) ). (a) CTOD measured 2 mm behind the crack tip. (b) CTOD measured 10 mm behind the crack tip.
